Thermodynamic interaction between chromium and sulfur in liquid iron was studied using the slag/ metal equilibration technique to measure the effect of chromium on the equilibrium sulfur distribution between the slag and carbon saturated Fe-Cr-S alloys containing chromium up to 30 mass% in the temperature range from 1 823 K to 1 923 K. The sulfide capacity of the CaO-Al2O3 slag was separately determined using carbon saturated liquid Fe-S alloys under CO atmosphere as a function of temperature. The sulfur distribution decreases with chromium content and increases with melt temperature significantly. The specific effect of chromium on the activity coefficient of sulfur in liquid Fe-Csat.-Cr-S alloys was determined by considering the effect of carbon on sulfur at carbon saturation. The interaction parameters determined in the present study were compared with the previous data determined by the gas-metal equilibration technique using a H2S-H2 gas mixture.
Introduction
Sulfur is one of the most harmful elements in stainless steel products, and the specification of sulfur content is getting more severe for high grade stainless steels. Some special steel grades require the sulfur level below 5 ppm to avoid the reduction of high-temperature strength and the hydrogen induced cracking (HIC) in stainless steels for line pipes. [1] [2] [3] In order to accurately control the desulfurization reaction for these steel grades, it is essential to know the effect of chromium on sulfur in the melt at low sulfur range over wide ranges of chromium content and temperature. There have been some investigations to study the effect of chromium on sulfur in Fe-Cr-S alloy melts by measuring the sulfur solubility in the melts under a H 2 S-H 2 gas mixture using the gas-metal equilibration techniques. [4] [5] [6] [7] The sulfur content in the melts equilibrated with H 2 S-H 2 gas mixtures was relatively high ranging from 0.4 to 2.5 mass%. The effect of high sulfur content on its activity coefficient was not considered in some studies which will be discussed later. Also, the inherent thermal diffusion errors arising from big difference in molecular weight of gaseous species could give an uncertainty in the gas composition at the gas/melt interface. 7) Therefore, there is still uncertainty in the accuracy of the interaction parameter values between chromium and sulfur, which is important for the sulfur control in high Cr containing stainless steel melts.
In the present study, the slag/metal equilibration method was used to measure the equilibrium sulfur distribution ratios, L S between a CaO-Al 2 O 3 slag and carbon saturated Fe-Cr-S melts containing up to 30 mass% Cr under a well defined oxygen potential using a CO atmosphere in the temperature range of 1 823-1 923 K. The sulfide capacities of slags were separated determined using carbon saturated liquid iron under a CO atmosphere. The specific effect of Cr on the activity coefficient of S in carbon saturated Fe-Cr-S melts were determined by considering the effect of other solute elements on sulfur available in the literature. [8] [9] [10] [11] [12] 
Experimental Procedures
The experiments consisted of equilibrating carbon saturated Fe-S and Fe-Cr-S alloys with a CaO-Al 2 O 3 slag in a graphite crucible under 1 atm CO atmosphere. The premelted alloys of Fe-4 mass%C, Fe-4 mass%C-S, Fe-30 mass%Cr-6 mass%-C and Fe-30 mass%Cr-6 mass%C-S were prepared by melting high purity electrolytic iron, metallic chromium (99.99% purity), FeS (99.99% purity) and high purity graphite powder in a fused MgO crucible in an Ar atmosphere using a high frequency induction furnace. All alloys were crushed into powder and screened to a mesh -28 sieve. The slag was prepared by melting the reagent grade CaO, Al 2 O 3 and CaSO 4 in a graphite crucible. The slag was cast onto a steel plate, crushed into powder, and stored in a desiccator until use.
The slag-metal equilibrium experiments were carried out to measure the sulfur distribution ratio between a slag and liquid iron alloys using an electric resistance furnace heated by super kanthal(MoSi 2 ) with an alumina reaction tube (OD: 70 mm, ID: 63 mm, H: 1 100 mm) in the temperature range © 2015 ISIJ of 1 823-1 923 K. The schematic of the experimental system is shown in Fig. 1 . The reaction temperature was measured with a Pt/Pt-13 mass%Rh thermocouple protected with an alumina tube at the bottom of the outer alumina crucible, and it was controlled within ± 1 K using a proportional-integral-derivative (PID) controller. The temperature reading of the thermocouple was also corrected by measuring the temperature inside the crucible using a separate thermocouple prior to experiments.
Desired portions of master alloys were charged to make an aimed melt composition for each experiment. Six grams of alloy containing 0 to 0.1 mass%S and 1.5 g of slag containing 0 to 0.5 mass%S were placed in a graphite crucible (OD: 13 mm, ID: 10 mm, H: 23 mm). Six crucibles containing different compositions were tied up by Mo wire and placed in the outer alumina crucible. The alumina crucible was placed in the hot zone of the furnace for 6 hours. The initial sulfur contents in slag samples were high or low with respect to the sulfur content in equilibrium with metal, and the sulfur was allowed to transfer from slag to metal or vice versa. In the present experiment, the oxygen potential was controlled by the C-CO equilibrium. The CO gas was passed through the silica gel and magnesium perchlorate (Mg(ClO4)2) to remove moisture, ascartite to remove CO2 and then blown into the reaction tube at a flow rate of 500 mL/min controlled by a mass flow controller.
After each experiment, the crucible was pulled out of the furnace and quenched rapidly by a helium gas blowing. The slag and metal samples were analyzed for Ca, Al and Cr by the ICP-AES analysis. Sulfur and carbon contents were analyzed by the C/S analyzer.
Results and Discussion

Thermodynamic Considerations
The sulfur distribution ratio between a slag and liquid iron alloys at equilibrium is defined as (1) where (%S) is the mass% of sulfur in slag and [%S] is the mass% in liquid iron alloys, and the sulfur distribution ratio depends on the oxygen partial pressure and the thermodynamic properties of sulfur in slag and metal.
Slag-metal equilibria for sulfur can be expressed as follows:
The desulfurizing power of a slag can be normalized by the sulfide capacity, CS defined by: (3) where is the oxygen partial pressure at the slag-metal interface, and is the partial pressure of S2 gas in equilibrium with sulfur in liquid iron.
The partial pressure of oxygen, in equilibrium with carbon (aC = 1) and CO at 1 atm can be obtained from the Eq. (4). (6) where fS is the Henrian activity coefficient of sulfur in 1 mass% standard state in liquid iron.
The value of fS in Fe-Csat.-S melt can be expressed as the following equation using Wagner's formalism: 14) ........... (7) where is the first-order self interaction parameter of sulfur in liquid iron, and are the first-and the secondorder interaction parameters of carbon on sulfur in liquid iron. Ishii and Fuwa 9) determined the value as -120/T + 0.018 in Fe-S melt using the gas-metal equilibration technique at 1 823-2 023 K. Ban-ya and Chipman 10) determined and in Fe-C-S alloys containing carbon from 0.44 mass% to 5.6 mass% (at carbon saturation at 1 923 K) as 0.114 and 0.0058, respectively, using the gas-metal equilibration technique at 1 823-1 923 K. Their data are the recommended values of the Japan Society for Promotion of 
[ / ] [ / ] Science (JSPS) 11) and summarized in Table 1 . The sulfide capacity of a slag can be obtained from the experimentally measured LS between a slag and Fe-Csat.-S melt under a controlled oxygen partial pressure. Conversely, for a given slag composition with a known sulfide capacity, the values of fS in alloy melts can be calculated from the LS values measured for these alloy melts.
....... (8) where K5 is the equilibrium constant for Reaction (5).
Sulfide Capacity of a CaO-Al2O3 Slag
The results of the sulfur partition experiments at temperatures from 1 823 to 1 923 K are summarized in Table 2 , and the LS between CaO-Al2O3 slags and Fe-Csat.-S melt are plotted vs experimental temperatures in Fig. 2 . The values of LS were obtained by approaching the sulfur equilibrium by transfer of sulfur from slag to metal and metal to slag, and they agree well with each other. The equilibrium LS increases significantly as the melt temperature increases.
Using LS values between the slags and Fe-Csat.-S melts, the sulfide capacity, CS of the slag can be calculated from Eqs. (3) through (7) assuming the C-CO reaction (aC = 1, PCO = 1 atm) controls the oxygen partial pressure in the system. Several authors determined the CS values for CaO-Al2O3 slag system by the gas-slag equilibration technique using a H2S-H2 mixture under the oxygen potentials controlled by H2O-H2 or CO2-CO mixture in the temperature range from 1 823 to 1 923 K. [15] [16] [17] According to Ban-ya et al., 15) sulfur content in CaO-Al2O3 slag should be kept below 0.8 mass% in order not to form CaS which can significantly affect the sulfide capacity of the slag. In the present study, sulfur content in the slag was kept below 0.5 mass% during the slag/ metal equilibration experiment. Figure 3 compares the logCS values determined by various workers as a function of slag composition for CaO-Al2O3 slag at different temperatures together with the values determined in the present study. The CS values obtained by the slag/metal equilibration method in the present study are in excellent agreement with those data determined from the gas-slag equilibration technique. [15] [16] [17] This also confirms that the activity coefficient of sulfur in Fe-C sat. -S melt calculated using Eq. (7) is valid.
Effect of Cr on S in Fe-C sat. -Cr-S Melt
Using the sulfide capacity data of a CaO-Al 2 O 3 slag determined in the preceding section, the effect of chromium on sulfur in Fe-C sat. -Cr-S alloy melts can be determined from the L S values between a CaO-Al 2 O 3 slag and those alloy melts measured as a function of chromium content under CO atmosphere. The experimental results at temperatures from 1 823 to 1 923 K are summarized in Table 2 , and the L S values are plotted as a function of chromium content in the melt in Fig. 4 . The equilibrium for sulfur distribution was approached by the sulfur transfer from slag to metal and vice versa. The L S value decreased with increasing chromium content in the melt and the effect was more significant as the melt temperature decreased.
Using the relation of Eq. (8), the values of f S in Fe-C sat. -Cr-S melt can be calculated from the L S values measured for these alloy melts with a CaO-Al 2 O 3 slag of the known sulfide capacity value, C S determined in the preceding section.
Rearranging Eq. (8) ..... (9) where and are the first-and the second-order interaction parameters of chromium on sulfur in liquid iron. The chromium content in slag was negligible under the present experimental condition, therefore the effect of chromium oxide on sulfide capacity was ignored. Figure 5 shows the variation of carbon solubility as a function of chromium content in Fe-C sat. -Cr-S melts at different temperatures. Chromium addition increases the carbon solubility significantly. The carbon solubility with Cr content in Fe-C sat. -Cr system was previously measured by Kobayashi et al. 18) They derived the relation of Eq. (10) for the carbon solubility as functions of temperature and chromium content. They are shown as solid lines in the figure.
... (10) Therefore, the effect of a specific chromium concentration on sulfur in liquid iron can be obtained using following equation.
..... (11) where is the interaction coefficient of chromium on sulfur in liquid iron. Figure 6 shows the variation of log plotted vs. chromium content in Fe-C sat. -Cr-S system using the relation expressed by Eq. (11). The first-order interaction parameter of chromium on sulfur, , can be determined as -0.0315 ± 0.0009, -0.0278 ± 0.0007 and -0.0244 ± 0.0006 at 1 823, 1 873 and 1 923 K, respectively, by the linear regression analysis of the data in Fig. 6 . The second-order interaction parameter, can be considered as zero. The temperature dependency of the value was obtained as -248.8/T + 0.105 (± 0.00074) as shown in Fig. 7.   Fig. 3 . The sulfide capacities of CaO-Al2O3 slag system at different temperatures. log log / log log log 
Comparison with Previous Studies
Several workers studied the effect of chromium on sulfur in liquid Fe-Cr-S alloys by measuring the sulfur solubility in Fe-Cr alloy melts under a H2S-H2 gas mixture from the following gas-metal reaction. In the gas-melt equilibration experiments using a H2S-H2 gas mixture, however, the inherent thermal diffusion errors can arise from big difference in molecular weight of gaseous species, and can give an uncertainty in the gas composition at the gas/melt interface which is dependent on the gas composition and the temperature gradient. 7) Thermal diffusion errors may be reduced by using mixtures of gases with similar molecular weights, the addition of a heavy inert gas such as Ar, and minimizing the temperature gradients in the system, by preheating the gas mixtures.
Ban-ya and Chipman, 4) Griffing and Healy, 5) Adachi and Morita 6) measured the sulfur solubility in Fe-Cr melts at different melt temperatures of 1 823, 1 873 and 1 923 K, respectively, by passing preheated H2S-H2(-Ar) gas mixture over the melt or bubbling into the melt. They obtained the value of fS from Eq. (13) by the difference in sulfur contents as a function of chromium content in the melt under a H2S-H2 gas mixture. Referring to their studies, [4] [5] [6] the values decreases from -0.01 to -0.02 as the melt temperature increases from at 1 823 K to 1 923 K. The value of -0.244 determined at 1 923 K in the present study is in agreement with Adachi et al.'s value of -0.020 at the same temperature as shown in Fig. 7 .
Dondelinger et al. 7) also measured the sulfur solubility in Fe-Cr melts by a levitation melting technique for the gasmetal equilibration in the temperature range from 1 798 to 2 028 K. However, they recognized that the disadvantage of the levitation melting technique was the significant errors caused by the thermal diffusion as discussed above. Therefore, they determined the effect of chromium on sulfur by comparison of sulfur content in binary Fe-S and ternary FeCr-S melts under a H2S-H2 gas mixture providing the thermal diffusion error was constant at a fixed H2S/H2 ratio, i.e.
. Their results are also shown in Fig. 7 , and it can be seen that their values are significantly higher than others. In their study, they ignored the effect of sulfur content on fS in the melts even though there was a large difference in sulfur content between Fe and Fe-Cr melts under a H2S-H2 gas mixture. For an example, the equilibrium sulfur content in pure Fe melt under a gas mixture of H2S/H2 ratio of 2.04 × 10 -3 was 0.633 mass% at 1 873 K, and the equilibrium sulfur content in Fe-39.4 mass%Cr melt was 1.93 mass% under the same gas composition. When determining a specific effect of chromium on sulfur in liquid iron, the effect of sulfur content itself should be also considered as shown in Eq. (14) . As can be seen in Fig. 8 , the recalculated value of -0.02 at 1 873 K is nearly twice the value of -0.0105 reported by Dondelinger et al. 7) The recalculated values using Dondelinger et al.' s experimental data at different temperatures are also shown in Fig. 7 . 
Conclusion
The effect of chromium on sulfur in Fe-Cr-S melt was investigated from the equilibrium sulfur distribution between a CaO-Al2O3 slag of a predetermined sulfide capacity and Fe-Csat.-Cr-S melts containing chromium up to 30 mass% under the oxygen potentials controlled by C-CO equilibrium in the temperature range from 1 823 to 1 923 K. Chromium decreases the activity coefficient of sulfur, and the effect is more significant at lower temperature. The firstorder interaction parameters of Cr on S, were determined as -0.0315 ± 0.0009, -0.0278 ± 0.0007 and -0.0244 ± 0.0006 at 1 823, 1 873 and 1 923 K, respectively. 
